An analogue of the DNA-binding compound Hoechst 33258, in which the piperazine ring has been replaced by an imidazoline group, has been cocrystallized with the dodecanucleotide sequence d(CGCGAATTCG-CG) 2 . The structure has been solved by X-ray diffraction analysis and has been refined to an R-factor of 19.7% at a resolution of 2.0 A. The ligand is found to bind in the minor groove, at the central four AATT base pairs of the B-DNA double helix, with the involvement of a number of van der Waals contacts and hydrogen bonds. There are significant differences in minor groove width for the two compounds, along much of the AATT region. In particular this structure shows a narrower groove at the 3' end of the binding site consistent with the narrower cross-section of the imidazole group compared with the piperazine ring of Hoechst 33258 and therefore a smaller perturbation in groove width. The higher binding affinity to DNA shown by this analogue compared with Hoechst 33258 itself, has been rationalised in terms of these differences.
INTRODUCTION
It is well established that drugs such as netropsin, distamycin, berenil, pentamidine and Hoechst 33258 bind non-covalently to AT regions of duplex DNA (1) (2) (3) and that their modes of biological action in terms of antiviral, antimicrobial or anticancer activity, involves DNA binding as the critical step, possibly followed by interference with the function of a DNA topoisomerase (4) (5) (6) (7) (8) (9) . These compounds and their analogues generally possess several common structural features; cationic charge and concave shape along one long edge together with coplanarity of aromatic groups when viewed along this edge. An extensive body of data from, in particular, X-ray crystallography (e.g. refs [10] [11] [12] [13] [14] [15] as well as NMR studies (e.g. refs [16] [17] [18] have established that these molecules bind in the minor groove of B-type DNA double helices, largely in AT regions. Almost all of these studies have been performed on drug complexes with DNA dodecamer duplexes, using sequences of the type d(CGCXXXXXXGCG) 2 , where XXXXXX represents a run of AT-rich base pairs. In the most commonly studied system, XXXXXX is GAATTC. These structural studies have shown that the drugs are stabilised in the minor groove by arrays of close non-bonded van der Waals interactions involving hydrogen atoms on the floor and walls of the groove (19) . Direct hydrogen bonding between donor atoms on the drug and acceptor atoms on base pair edges has been frequently, though not invariably observed (e.g. see ref. 15 ). The consequent suggestion (20) that such drug-DNA hydrogen bonding is a secondary feature of the binding, rather than a determinant of sequence selectivity, has * To whom correspondence should be addressed given added credence by observations that patterns of hydrogen bonding for a given drug can markedly alter with even small changes in DNA sequence (14, 21, 22) .
The design of molecules with altered sequence recognition properties, that is those that have the ability to actively recognise GC base pairs, was initially based on considerations of hydrogen bonding differences between AT and GC base pairs (23) . These led to molecules that could tolerate GC base pairs, but were generally unable to show specificity to them. The more recent design of dimeric distamycin or peptide-like molecules has largely overcome this problem (24) (25) (26) (27) . Such molecules take advantage of the sequence dependence of groove width rather than of hydrogen bonding alone and in particular the enlarged width in GC regions compared to AT ones.
The bis-benzimidazole compound Hoechst 33258 (1; Fig. 1 ) has long been used in chromosome staining. It has been the starting point for a number of recent drug design studies aimed at developing analogues with; in particular, anticancer activity (5, 7, 28, 29) . Hoechst 33258 is an exception to the general category of non-covalent groove binders in that it can bind to sequences that do not solely contain AT base pairs; it can have a GC base pair at one end of its (4-5 bp) binding site, as shown by DNA footprinting (30, 31) . Nuclear magnetic resonance studies (32, 33) have concurred with this, showing that the phenyl and benzimidazole rings of the drug are in the AT region of the minor groove and that the non-planar piperazine ring is in a GC region. X-ray crystallographic studies have been reported for Hoechst 33258 complexed to several dodeca-oligonucleotides. One study, with the sequence d(CGCGAATTCGCG)2 j showed the drug to be bound at the sequence 5'-ATTC (34) , whereas a second analysis (35) located it in the sequence 5'-AATT, that is those displaced by 1 base pair, in agreement with a subsequent low temperature study (36) . X-ray analysis of the drug complexed to the sequence d(CGCGATATCGCG) 2 (37) found the drug at the site 5'-GATA (equivalent to TATC). X-ray analyses of Hoechst 33258 complexed with the sequence d(CGCAAATTTGCG)2 have located it in a unique orientation in the 5 bp sequence 5'-AlTIG, with the piperazine ring of the drug reaching the edge of the GC base pair, where the minor groove is sufficiently wide to accommodate this non-planar ring (22, 38) . This paper reports the crystal structure of the complex formed between the self complementary dodecanucleotide sequence d(CGCGAATTCGCG) 2 and an analogue (2) of Hoechst 33258 ( Fig. 1) , in which an imidazole ring replaces the piperazine group, in order to observe the structural consequences of this substitution and so gain further insight into the factors responsible for binding affinity and specificity. We have recently shown (39) that compound 2 binds to the dodecamer sequence with a AT m of 23.9°G eompared-with 17.9^C for Hoeehst 33258-itself and has a binding constant 5-fold greater than that of Hoechst.
MATERIALS AND METHODS

Synthesis and crystallisation
The DNA dodecamer d(CGCGAATTCGCG)2 was purchased from the Oswel DNA Service (University of Edinburgh) and annealed before use. Compound 2 was synthesised by standard methodology (39) . Crystals of the complex were grown from 14 fxl drops containing 3 U. 1 of 3 mM dodecamer, 4 jil of 2-methylpentane-2,4-diol (MPD) at 35% v/v (MPD/30 mM sodium cacodylate buffer pH 7.0), 3 \i\ of 200 mM MgCl 2 , 2 |xl of 2.4 mM spermine HC1 and 2 |il of 9.8 mM compound 2 equilibrated against a 4 ml reservoir of 35% v/v MPD using the sitting drop method at 19°C. The crystals took 2 months to grow.
Data collection
A single crystal (of dimensions -0.4 x 0.3 x 0.15 mm) was mounted in a 0.5 mm Lindemann glass capillary along with a small amount of mother liquor. Diffraction data was collected to a maximum resolution of 2.0 A using a Siemens-Xentronics multiwire area detector and an Enraf-Nonius rotating anode X-ray generator operated at 40 mA and 70 kV. A crystal-detector distance of 10 cm and a swing angle of 20° was used with x fixed at 45° to obtain datasets for $ = 120° and <| > = 180°. The crystal was rotated through 100° in (0, collecting 180s frames every 0.2°. Examination of the frames at regular intervals during the data collection revealed no detectable crystal decay. Data processing was performed using XENGEN 1.3. 11 176 reflections out of a possible 12 209 were collected to a resolution of 2.0 A. Merging of the data resulted in 4365 unique reflections out of a possible 5026 (87%) with a merging R-value of 3.1%.
Structure refinement
The crystal was found to be in the space group P2i2i2i with cell dimensions a = 24.59, b = 40.44 and c = 65.76 A. This indicated that the structure was isomorphous with the native dodecamer sequence and other drug-dodecamer structures. Accordingly, coordinates for the native structure (40) were used as a starting model for the refinement. This process was carried out with the program XPLOR v3.1 (41), beginning with rigid body refinement for data in the range 8-3.5 A. The molecular graphics program 'O' (42) was used to check that the model fitted the difference electron density in all regions of the structure. Rigid group refinement continued with the DNA duplex divided into 24 groups. This eventually led to an R factor of 30.2% for all data to 2.0 A. Further positional and temperature factor refinement followed and F o -F c electron density maps were calculated that clearly indicated a large volume of continuous electron density in the minor groove of the DNA. An energy-minimised model of compound 2 was created using the program MacroModel (43) and was fitted into this density. In order that the conformation of the analogue would be dictated by the X-ray data and not the refinement procedure, no restraints were placed on rotation about bonds between the four rings of the ligand. To determine the orientation of compound 2 in the groove, positional refinement was carried out for both possibilities and clearly revealed the correct orientation by a significant difference in R factor (24.3 versus 27.0%). The correct orientation is shown in Figure 2 . Partial charges for compound 2 were calculated using MOPAC/ ESP (44). Positional and temperature factor refinement continued and a total of 90 WHtennolecures and a magriesiunwon \vere located in an F o -F c electron density map and included in the structure. The final R factor was 19.7% for 4365 reflections with F > 2oF with mean rms deviations of 0.020 A and 4.3° from ideality for bond lengths and angles, respectively. Final refined coordinates, together with observed and calculated structure factors have been deposited in the Brookhaven Protein Data Bank with the identity code 109d.
RESULTS AND DISCUSSION
The overall structure of the Iigand/DNA complex The ligand was observed to lie pseudo-symmetrically in the 5'-AATT region of the minor groove of the dodecamer duplex, which adopts a B-DNA conformation (Fig. 3) . The duplexes pack in the unit cell with the two terminal GC base pairs interacting with the next duplex via minor groove base pair interactions, as reported for the native sequence (40) . The phenol group of compound 2 lies towards the C1»G24 end of the double helix. There are three hydrogen bonds between the inner-facing nitrogen atoms of the benzimidazole groups and the edges of the bases; two (2.7 and 3.1 A) to the 02 atoms of Thy 20 and Thy 19 respectively and one (2.9 A) to N3 of Ade 6 (Fig. 4) . These hydrogen bonds were also found in the Hoechst 33258-dodecamer low-temperature (LT) structure (36) . The Thy 7 02 distance to ligand atom N3 is probably too long to be a true hydrogen bond (3.4 A) though it is suggestive of a weak interaction. The three hydrogen bonds result irLth^gaMheingJbeJjcLin^the_sanie_fQur hase-pak binding site as in the low temperature Hoechst structure, and in a similar, though not identical orientation (Fig. 5) .
There are a large number of close van der Waals contacts between the ligand and the floor and walls of the minor groove (Table 1) . These reflect the close fit between the ligand and the minor groove along the whole of the binding site, which is maintained by rotations about the bonds connecting the four planar rings of 2. The torsion angles between the rings (Table 2) though probably secondary factor in producing the low propellor twists. There is a marked alternation in the values of interbase roll (Fig. 7) for base steps Thy 19-Ade 18 and Ade 18-Ade 17. Hydrogen atoms were not observed in the crystal structure. Instead their positions were generated using standard geometric considerations. These were used in the calculations of contact distances listed.
between the two benzimidazole groups in the present structure. The plot of the minor groove widths of 2 and the low-temperature structure (Fig. 6) indicates that the former has a greater groove width in the region of the three phenol-benzimidazole-benzimidazole rings, implying that this is due to the larger twist in the bond connecting the two benzimidazole rings and thus to the conformation of the ligand. Further evidence for this can be seen by examining the minor groove width in the vicinity of the imidazole and piperazine groups. The narrower groove at the 3' end of the binding site for compound 2 (~1 A) can be attributed to the slim imidazole group being considerably less 'bulky' than the saturated piperazine ring. The extra twist in the molecule is also believed to contribute to the slightly larger overall bend in the DNA helical axis of 11 °, as compared with 8° in the Hoechst LT structure. Helical parameters for this structure, Hoechst and the native dodecamer were computed using the CURVES program (45). A comparison of these shows that the most noticeable differences between the Hoechst LT and the present structure are for the base-base buckle for Ade 6»Thy 19 and Thy 7»Ade 18 and for propeller twist for the same base pairs (Fig. 7) , where the values are markedly lower for the present structure, especially for the latter base pair. A»T base pairs are normally associated with high propeller twist and consequently a narrowing of minor groove width; in this region of the structure we observe the opening of the groove, due to the benzimidazole groups possessing a large dihedral angle between them, forcing the smaller propeller twist angle at Thy* Ade 18. The Ade 6»Thy 19 base pair is also involved in hydrogen bonding with the ligand, which may be an additional, 
Binding to DNA
The binding affinity shown by the ligand 2 for a given DNA sequence is determined by a number of factors, including hydrogen bonding, electrostatic interactions and ligand conformation. The present structure suggests that hydrogen bonding is not the dominating factor. Since the number (and type) of ligand-DNA hydrogen bonds is identical to that found for Hoechst 33258 in the low-temperature dodecamer structure and their geometric characteristics are similar, they cannot by themselves account for its experimentally-determined higher binding affinity (38) . Instead the structure and conformation of the ligand is a key factor, with the slim imidazole group enables binding to the minor groove to 
T7
Base Base
T19-A18 A18-A17
Base
Step Figure 7 . Plots of base buckle, propeller twist and roll angles for the present structure, calculated with CURVES.
take place with minimal perturbation of the groove width compared with Hoechst 33258 itself. The several structural studies of this ligand complexed to DNA all concur in finding that the piperazine ring is located in a region of wider groove width compared to that in the central region of the 5'-AATT sequence.
The average values for the atomic temperature factor for the Hoechst 33258 and two molecules in the two complexes indicates the relative mobilities of the two ligands in their binding sites. The values for the two ligands are 30 and 26 A 2 , respectively, showing that compound 2 is less mobile than Hoechst 33258 in the AATT minor groove site, and by inference is more tightly bound, in accord with the biophysical data.
